The selenoproteome exhibits widely varying, tissue-specific dependence on selenoprotein P for selenium supply by Hoffmann, Peter R. et al.
Published online 6 June 2007 Nucleic Acids Research, 2007, Vol. 35, No. 12 3963–3973
doi:10.1093/nar/gkm355
The selenoproteome exhibits widely varying,
tissue-specific dependence on selenoprotein P
for selenium supply
Peter R. Hoffmann*, Simone C. Ho ¨ge, Ping-An Li, Fukun W. Hoffmann,
Ann C. Hashimoto and Marla J. Berry
Department of Cell and Molecular Biology, John A. Burns School of Medicine, University of Hawaii, Honolulu,
HI 96813, USA
Received March 16, 2007; Revised April 18, 2007; Accepted April 23, 2007
ABSTRACT
Selenoprotein P (Sel P) is a selenium-rich glyco-
protein believed to play a key role in selenium (Se)
transport throughout the body. Development of
a Sel P knockout mouse model has supported
this notion and initial studies have indicated that
selenium supply to various tissues is differentially
affected by genetic deletion of Sel P. Se in the form
of the amino acid, selenocysteine, is incorporated
into selenoproteins at UGA codons. Thus, Se
availability affects not only selenoprotein levels,
but also the turnover of selenoprotein mRNAs via
the nonsense-mediated decay pathway. We investi-
gated how genetic deletion of Sel P in mice affected
levels of the mRNAs encoding all known members
of the murine selenoprotein family, as well as
three non-selenoprotein factors involved in their
synthesis, selenophosphate synthetase 1 (SPS1),
SECIS-binding protein 2 (SBP2) and SECp43. Our
findings present a comprehensive description of
selenoprotein mRNA expression in the following
murine tissues: brain, heart, intestine, kidney, liver,
lung, spleen and testes. We also describe how
abundance of selenoproteins and selenoprotein-
synthesis factors are affected by genetic deletion
of Sel P in some of these tissues, providing insight
into how the presence of this selenoprotein
influences selenoprotein mRNA levels, and thus,
the selenoproteome.
INTRODUCTION
Selenium (Se) is an essential dietary trace element that
beneﬁts many aspects of human health (1–3). Se is
believed to exert its biological eﬀects through its
incorporation into selenoproteins as the amino acid,
selenocysteine (Sec). To date, 25 selenoproteins have
been identiﬁed in humans and all but one of these exist
as selenocysteine-containing proteins in mice (4). The
functions of members of the selenoprotein family
elucidated to date include roles in thyroid hormone
metabolism, intra- and extra-cellular antioxidation,
redox regulation, glucose metabolism, and sperm matura-
tion and protection. However, more comprehensive details
regarding tissue distribution and physiological roles
for the entire selenoproteome are necessary for a better
understanding of the mechanisms by which Se aﬀects
human health.
Selenoprotein P (Sel P) is a unique member of the
selenoprotein family in that it contains multiple Sec
residues per protein molecule. In particular, human and
mouse Sel P both contain 10 Sec residues. Culturing cells
in Sel P-depleted media was found to reduce activity of the
glutathione peroxidase (GPX) family of selenoproteins,
and activity was restored following reconstitution of
the media with Sel P (5). These facts combined with the
ﬁnding that a majority of plasma Se is contained within
Sel P suggests that this protein plays an important role in
transporting Se throughout the body for use in synthesis
of other selenoproteins. This notion was supported by two
independently developed Sel P-knockout mouse models,
both of which exhibited altered tissue distribution of
Se (6,7). Hill et al. found that, in terms of Se content,
the tissues most aﬀected by Sel P-deﬁciency were testes
and brain, while kidney and heart were less aﬀected.
The phenotype of the knockout mice was consistent with
these ﬁndings and included neurological problems
and male sterility. Sel P-knockout mice injected with
75Se had lower levels of isotope in brain and testes, but
higher accumulation in livers compared to controls. These
ﬁndings suggested that the liver is a tissue that readily
takes up Se and incorporates it into Sel P, which is then
secreted into the plasma for transport of Se to other
tissues. This was supported by studies of Schweitzer et al.
demonstrating that liver-speciﬁc inactivation of the gene
*To whom correspondence should be addressed. Tel: þ1 808 692 1510; Fax: þ1 808 692 1970; Email: peterh@pbrc.hawaii.edu
 2007 The Author(s)
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.encoding Sec tRNA (trsp) resulted in decreased plasma
and kidney GPX activity (8). In contrast, GPX activity in
brain tissue in these mice remained unaﬀected, suggesting
that liver Sel P is not required to the same extent for
expression of diﬀerent selenoproteins in diﬀerent tissues.
Synthesis of selenoproteins is regulated at the levels of
mRNA transcription and stability, and protein translation
(9–12). Turnover of mRNA is a particularly important
point of regulation in that selenoprotein mRNAs require
recoding of UGAs within the coding regions from stop
codons to Sec-insertion sites. Under circumstances of
low selenium, some selenoprotein mRNAs are degraded
through nonsense-mediated decay (NMD), a pathway that
degrades mRNAs containing premature stop codons (13).
Se-deﬁciency decreases the eﬃciency with which Sec
incorporation is directed by the Sec incorporation
machinery and increases the eﬃciency with which the
codons are recognized as nonsense, thus eliciting NMD
(13,14). Sensitivity to NMD is determined by the location
of termination codons in the mRNA in relation to
exon-junction complexes, which are deposited upstream
of exon–exon boundaries during mRNA splicing and
export. In higher eukaryotes, a nonsense codon is usually
recognized as premature if it is located more than 50–55nt
upstream of the last intron in the pre-mRNA (13,15).
Interestingly, Se-deﬁcient conditions result in degrada-
tion of diﬀerent selenoprotein mRNAs to diﬀerent extents.
Several studies have shown that, within the GPX family
of proteins (GPX1 through 4), Se-deﬁciency leads to
degradation of GPX1 and GPX3 mRNAs to lower levels
than GPX2 and GPX4 mRNAs (16–18). Other studies
have supported a similar notion that GPX1 mRNA levels
are decreased by Se-deﬁciency while other GPX mRNAs
are relatively unchanged (19,20). However, how expres-
sion of other members of the selenoprotein family or
the protein factors involved in their synthesis is aﬀected
by Se availability in diﬀerent tissues remains unknown.
Given the important roles that Se transport and
metabolism play in selenoprotein expression, we investi-
gated the relative levels of mRNA abundance in eight
diﬀerent mouse tissues and how these levels are aﬀected
by genetic deletion of Sel P. Our results describe mRNA
levels for selenoproteins in diﬀerent mouse tissues includ-
ing brain, heart, intestine, kidney, liver, lung, spleen and
testes. In addition, deletion of Sel P resulted in lower levels
of many selenoprotein mRNAs and some proteins in brain
and testes, but not in heart and lung. Taken together, the
results provide insight into how the presence of Sel P
inﬂuences the diﬀerent selenoproteins in diﬀerent tissues.
MATERIALS AND METHODS
Mice and tissuecollection
Sel P
 /þ mice on a C57Bl/6 background were kindly
provided by Drs Raymond Burk and Kristina Hill and
were used to generate a colony of mice here at the
University of Hawaii. Genotyping of the mice was carried
out using methods previously described (6) and hetero-
zygous breeding pairs were used to produce litters
consisting of pups homozygous for Sel P deletion
(Sel P
 / ) as well as wild-type littermate controls
(Sel P
þ/þ). Male weanlings were fed standard mouse
chow until 8 to 10 weeks of age, when they were sacriﬁced
and eight tissues quickly harvested. This was carried out
prior to onset of any apparent neurological disorders.
Each tissue was immediately washed in PBS and frozen in
liquid nitrogen. Tissues were ground into powder on
dry ice, which was then divided into separate tubes for
RNA or protein extraction.
RNA extraction and real-time qPCR
Frozen, powdered tissue samples were thawed and RNA
extracted using RNeasy Mini kit and RNase-free DNase I
(all from Qiagen, Valencia, CA, USA). Concentration and
purity of extracted RNA was determined using A260/A280
measured on an ND1000 Spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA). Synthesis of
cDNA was carried out using Superscript III (Invitrogen,
Carlsbad, CA, USA) and oligo dT primer, with 2mg RNA
per 50ml reaction. For real-time PCR, 1ml of the cDNA
was used in 10ml reactions with Platinum SYBR Green
qPCR SuperMix-UDG (Invitrogen). Reactions were
carried out in a LightCycler 2.0 thermal cycler
(Roche Applied Biosystems, Indianapolis, IN, USA).
Oligonucleotides used for qPCR are listed in Table 1.
Cycling conditions were used as suggested in the SYBR
Green kit instructions and results analyzed using Relative
Quantiﬁcation Software (Roche).
Protein extraction and western blots
Protein was extracted from tissue by homogenizing 0.5g
of tissue on ice in 10ml of CellLytic MT buﬀer (Sigma)
containing 1mM DTT, 1X protease inhibitor cocktail
(Calbiochem, San Diego, CA, USA), and 5mM EDTA.
Homogenate was centrifuged at 12 000 r.p.m. (13 000g;
Beckman Coulter microcentrifuge) for 10min and super-
natant removed and stored at  708C. Bradford assay was
carried out using Bradford Reagent (Bio-Rad, Hercules,
CA, USA) and 30mg total protein was combined with
reduced Laemeli buﬀer, boiled at 958C for 10min, cooled
on ice, and loaded into wells of 10–14.5% polyacrylamide
gels (Bio-Rad). Protein was transferred to PVDF mem-
branes, which were blocked for 1h with 5% BSA and then
probed for 1h with primary antibodies, including rabbit
polyclonal anti-GPX1 and anti-GPX4 (Lab Frontier,
Seoul, Korea), rabbit anti-Sel W raised against the
peptide: SKKRGDGYVDTESKFRK (custom synthe-
sized and aﬃnity puriﬁed by ProSci, Inc., Poway, CA,
USA), mouse monoclonal IgG anti-b-actin (Sigma) and
anti-a-tubulin (Novus Biologicals, Littleton, CO, USA).
Appropriate HRP-conjugated secondary antibodies were
purchased from Jackson Immunolabs (West Grove, PA),
incubated with the membranes for 45min and detected
using ECL Plus (GE Healthcare). In further attempts to
detect Sel W in heart and lung, immunoprecipitation
reactions were carried out to concentrate any Sel W that
might be present in protein extracts from these tissues,
followed by electrophoresis and western blotting.
However, these and other methods did not result in
detection of Sel W in these two tissues except for
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For densitometry, digital images of autoradiographic
ﬁlm were captured using Gel Logic 200 and Kodak MI
software (Kodak Scientiﬁc Imaging Systems, Rochester,
NY, USA). This software was used to measure mean
intensity from regions of interest (ROI) that corresponded
to bands to be measured. The intensity of the target bands
(e.g. GPX1 band) was normalized to that of the loading
control band (e.g. b-actin band) to obtain normalized
levels of target proteins.
Table 1. Oligonucleotide primers used for real-time PCR
Name of target sequence GenBank accession number PCR product length
hprt NM_013556.2 fwd TCCTCCTCAGACCGCTTTT 90
rev CCTGGTTCATCGCTAATC
gapdh NM_001001303 fwd TGACATCAAGAAGGTGGTGAAGC 203
rev CCCTGTTGCTGTAGCCGTATTC
actin NM_007393.1 fwd TGACAGGATGCAGAAGGAGA 75
rev CGCTCAGGAGGAGCAATG
ubc NM_019639.3 fwd GAGGGCATCTCCCCTGAC 60
rev GCCATCTTCCAGCTGCTT
gpx1 NM_008160.2 fwd ACAGTCCACCGTGTATGCCTTC 238
rev CTCTTCATTCTTGCCATTCTCCTG
gpx2 NM_030677.1 fwd GTTCTCGGCTTCCCTTGC 64
rev TCAGGATCTCCTCGTTCTGAC
gpx3 NM_008161.1 fwd ATTTGGCTTGGTCATTCTGG 105
rev CCACCTGGTCGAACATACTTG
gpx4 NM_001037741.1 fwd TCTGTGTAAATGGGGACGATGC 174
rev TCTCTATCACCTGGGGCTCCTC
sel H NM_001033166.2 fwd GGAAGAAAGCGTAAGGCGGG 191
rev GGTTTGGACGGGTTCACTTGC
sel I NM_027652.1 fwd CCTGACATACTTCGACCCTGA 63
rev CAGTCAGGCACATGCTTATGA
sel K NM_019979.1 fwd TCCACGAAGAATGGGTAGGA 94
rev GCTTCTCAGAGCAGACATTTACCT
sel M NM_053267 fwd TGACAGTTGAATCGCCTAAAGGAG 113
rev AACAGCACGAGTTCGGGGTC
sel N NM_029100.1 fwd ACCTGGTCCCTGGTAAAGGAGC 177
rev GGTGATGTCAAGGAAGTAGTTGGC
sel O NM_027905.2 fwd GGCTGCCCATACCTGTGA 240
rev CGTGCTGTTCGCTGTGTC
sel P NM_009155.2 fwd CCTTGGTTTGCCTTACTCCTTCC 199
rev TTTGTTGTGGTGTTTGTGGTGG
sel R NM_013759.1 fwd TTCGTCCCTAAAGGCAAAGA 62
rev CATTCGCAGTCCATGTCCTA
sel S NM_024439.2 fwd CAGAAGATTGAAATGTGGGACAGC 116
rev CCTTTGGGGATGACAGATGAAGTAG
sel T XR_004549.1 fwd TGAGGCTCCTGCTGCTTC 110
rev GGTGGCGTACTGCATCTTTAAT
sel V NM_175033.3 fwd CAGGAGGAAGCATGCAAGA 62
rev TGGTTTGGCAGCATTTCAG
sel W NM_009156.2 fwd GGTGCCTCCCCAGAATCTAC 136
rev TGGGGGAATTCAGAGAGAGA
sps1 NM_175400.5 fwd TGAACTGAAAGGCACAGGCTGC 143
rev CGCAAGTATCCATCCCAATGC
sps2 NM_009266.2 fwd ACCGACTTCTTTTACCCCTTGG 166
rev TCACCTTCTCTCGTTCCTTTTCAC
tr1 NM_015762.1 fwd CCTATGTCGCCTTGGAATGTGC 244
rev ATGGTCTCCTCGCTGTTTGTGG
tr2 NM_013711.1 fwd GTTCCCCACATCTATGCCATTG 114
rev GGTTGAGGATTTCCCAAAGAGC
tr3 NM_153162.2 fwd CTTTGCAAGATGCCAAGAAA 69
rev TCATGGCCTCCCAGTTGT
dio1 NM_007860.2 fwd GCCTCTCAGGACAGAAGTGC 73
rev CTGCCAAAGTTCAACACCAG
dio2 NM_010050.1 fwd CTGCGCTGTGTCTGGAAC 67
rev GGAGCATCTTCACCCAGTTT
dio3 NM_172119.1 fwd GGAGGTTGTCCGACCTGAT 60
rev GTCCCTTGTGCGTAGTCGAG
sep15 NM_053102.1 fwd GCTGTCAGGAAGAAGCACAA 74
rev TTTTCATCCGCAGACTTCAA
sbp2 XM_127336.5 fwd GAAGCAGAGGGAGATACCTAAGGC 110
rev GGCTCACAGCACTTTCTTGGAG
secp43 NM_027925.2 fwd ACCGTGATGAGCGTCAAAAT 74
rev GCGAATTCCACAAAGCAGTAG
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All statistical tests were performed using GraphPad Prism
version 4.0 for Windows (GraphPad Software, San Diego,
CA, USA). Means of two groups were compared using
a student’s t-test and signiﬁcance was considered at
P50.05.
RESULTS
Evaluation ofmRNA levels forselenoproteins
invarious mouse tissues
We ﬁrst set out to evaluate mRNA levels for the entire
murine selenoproteome in eight diﬀerent mouse tissues:
brain, testes, liver, kidney, lung, heart, intestine and
spleen. To achieve this goal, we utilized real-time PCR and
included oligonucleotides speciﬁc for all 24 murine
selenoproteins, three non-selenoprotein factors involved
in their synthesis (sbp2, secp43 and sps1), and four
housekeeping genes: hypoxanthinephosphoribosyltrans-
ferase (hprt), ubiquitin c (UBC), b-actin (actin) and
glyceraldehyde-3-phosphate dehydrogenase (gapdh)
(Table 1). Because levels of hprt were most consistent
between diﬀerent tissues and diﬀerent mice, this house-
keeping gene product was used to normalize the
abundance of other mRNAs. Results for the complete
list of mRNA levels in the eight diﬀerent tissues are
shown in Figure 1. The mRNAs for each tissue were
divided into low (50.5), medium (0.5 10) and high (410)
copy groups, based on levels of mRNAs relative to the
stable hprt housekeeping mRNA. Use of these cutoﬀ
values facilitated comparative analyses of selenoproteome
and housekeeping mRNA levels that ranged from rare to
highly abundant transcripts.
While the speciﬁc pattern of mRNA abundance diﬀers
between tissues, there are some common features of
selenoproteome mRNAs when comparing the eight diﬀer-
ent tissues. First, gpx4 is among the mRNAs detected at
the highest levels for nearly all tissues examined. This
reinforces the notion that this antioxidant enzyme may
be essential for nearly all cell types and tissues, consistent
with the embryonic lethal phenotype displayed by the
gpx4 knockout mouse model (21). Another mRNA near
the top of the abundance hierarchy is sel P, except in the
spleen and testes, which both contain sel P as a medium
copy mRNA. Sel P mRNA is detected at particularly high
levels in the liver. This ﬁnding is consistent with other
studies demonstrating the liver as a source of a majority
of sel P found in plasma (22). However, it is interesting to
note the relatively high levels of sel P message in most
tissues, including the kidney, which was shown to be
a tissue particularly dependent on hepatically derived
Sel P protein as a Se source (8).
Another common feature of mRNA abundance shared
among the diﬀerent tissues is the relatively low levels of
all three deiodinase enzymes (dio1, 2 and 3). The lone
exception to this is in liver, where dio1 is a medium copy
mRNA. Also, sel V expression is low in most tissues,
except in testes where it is detected at very high levels,
a ﬁnding that is consistent with previous results (4).
The selenoprotein-synthesis factors that we included in
this study were detected at relatively low levels, suggesting
high speciﬁc activity, low requirement or rapid mRNA
turnover. The only notable exception was sps2, which is
both a selenoprotein and a factor involved in synthesis
of other selenoproteins. Sps2 mRNA was detected at
relatively high levels in the liver, where it was the ﬁfth
most abundant selenoprotein mRNA.
After evaluating the results in Figure 1 for similarities,
we next turned our attention to the diﬀerences found
between the various tissues. One result that is apparent
is the high abundance of gpx3 mRNA in the kidney,
which is consistent with previously reported results (23).
A surprising ﬁnding is that the heart also displays a
relatively high level of gpx3 mRNA. The liver has high sel
P mRNA levels compared to other tissues and conﬁrms
previous ﬁndings suggesting that this tissue produces
high quantities of Sel P protein for secretion into blood
plasma. Both liver and kidney are relatively high in
abundance of mRNA for sel R, a selenoprotein that has
been characterized as a zinc-containing stereo-speciﬁc
methionine sulfoxide reductase (24). Two selenoprotein
mRNAs present at high levels in the testes compared to
other tissues are sel K and tr3.
Effects ofgenetic deletion of selenoprotein Pon
expression of selenoproteins in differenttissues
We next investigated how deletion of Sel P in
mice aﬀects the mRNA levels of the seleno-
proteins and non-selenoprotein synthesis factors in four
diﬀerent tissues: brain, testes, heart and lung. These
particular tissues were chosen due to the phenotype of the
Sel P
 /  mice. These mice have been shown to demon-
strate neurological disorders and sterility, but have no
apparent physiological problems related to the lung or
heart (6,7). In this manner, we set out to compare mRNA
abundance for the selenoproteins in two tissues involved
with the phenotypical problems (brain and testes) and two
seemingly unaﬀected tissues (heart and lung).
Results from our comparisons are displayed in Figure 2
and reveal several interesting features regarding how
genetic deletion of Sel P aﬀects diﬀerent tissues. First,
both testes and brain displayed overall decreases in
selenoprotein mRNA abundance as well as decreases
in housekeeping mRNAs. Although statistical signiﬁcance
was not achieved for most of the mRNAs due to variability
and low numbers of mice per group (N¼3 6), the brain
and testes were clearly more aﬀected than heart and lung.
This was particularly evident for mRNAs for the medium
and high copy genes and may reﬂect apoptotic or necrotic
cellular damage, which may be involved in or lead to
the physiological problems in these tissues. In contrast, in
heart and lung mRNA abundance was decreased only in a
small number of selenoproteins expressed in the low copy
group. The medium and high copy selenoprotein mRNAs
in heart and lung are much less aﬀected by genetic deletion
of Sel P.
Other interesting features that emerge from these results
include the changes in sel W and gpx4 mRNA levels.
In brain and testes, the levels decreased dramatically
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Figure 1. Abundance of mRNA for selenoproteins, selenoprotein-synthesis factors, and housekeeping genes. Total RNA was extracted from brain
(A), heart (B), intestine (C), kidney (D), liver (E), lung (F), spleen (G), and testes (H), which were used for cDNA synthesis and real-time PCR
analysis. Levels of each target mRNA relative to hprt are shown for each tissue and grouped into either low copy (average50.5) on the left, medium
copy (average 0.5–10) in the middle and high copy (average 410) on the right. Number of mice used for each tissue were 3 (intestine, kidney, liver
and spleen), 4 (brain and testes), 5 (heart) or 6 (lung) and results represent mean þSE.
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Figure 1. Continued.
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Figure 2. Comparison of Sel P knockout to wild-type mice for abundance of mRNA for selenoproteins, selenoprotein-synthesis factors and
housekeeping genes. Total RNA was extracted from heart (A), lung (B), brain (C), and testes (D), which were used for cDNA synthesis and real-time
PCR analysis. Levels of each target mRNA relative to hprt are shown for each tissue and grouped into either low copy (average 50.5) on the left,
medium copy (average 0.5–10) in the middle and high copy (average410) on the right. Black bars represent wild-type mice and white bars represent
Sel P knockout mice. Number of mice used for each wild-type tissue were, 4 (brain and testes), 5 (heart) or 6 (lung) and for all 3 knockout tissues.
Results represent mean þSE.
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 /  compared to Sel P
þ/þ mice, while in lung and
heart they increased. Other mRNA levels also increased in
response to genetic deletion of Sel P. For example, sps2
increased in three tissues (brain, testes, and heart) in Sel
P
 /  versus Sel P
þ/þ mice. Both sps2 and sep15 are
high copy mRNAs in testes, and both demonstrate high
resistance to eﬀects of Sel P knockout in this tissue.
Lastly, the brain and testes tissue from Sel P
 /  mice
appear to have low, but detectable levels of sel P mRNA
(Figure 2C and D). Levels of sel P mRNA transcripts
should be near zero considering the oligonucleotides used
for real-time PCR (exons 4 and 5) are located downstream
oftheneocassetteinsertionsite(exon2)(6).Insertionofthe
neo cassette results in a premature stop codon, which leads
to degradation of the transcript. Thus, for some tissues the
rate at which the transcript containing the neo cassette is
degraded may be slower than others, resulting in detection
of transcript en route to NMD degradation.
Analyses ofprotein levelsin heart, lung, brain andtestes
To further investigate the eﬀects of genetic deletion of Sel
P on the expression of selenoproteins in diﬀerent tissues,
we used western blot analyses to measure levels of three
selenoproteins: GPX1, GPX4 and Sel W. As described
above, we included two physiologically aﬀected tissues
(brain and testes) and two seemingly unaﬀected tissues
(lung and heart) in these analyses.
As shown in Figure 3A, levels of all three proteins are
decreased in brain and testes. Using densitometry to
quantify the levels of proteins, we found signiﬁcant
reductions in GPX1 in brain and both GPX4 and Sel W
in testes. These results are consistent with the mRNA
results described above. The results from lung and heart
tissue diﬀer from brain and testes in several ways. First,
the antibody that detects Sel W in brain and testes does
not detect Sel W in lung and heart. This could be due to
diﬀerent isoforms of Sel W expressed in the diﬀerent
tissues, as mRNA levels for this selenoprotein were
relatively high in heart and lung. A second feature that
is evident from the western blot analyses is that the
decreased levels of GPX1 and GPX4 detected in Sel P
þ/þ
brain and testes tissues are not detected in lung and heart,
which is consistent with the mRNA levels described
above. In fact, GPX4 levels are signiﬁcantly increased in
heart tissue from Sel P
 /  mice and GPX1 levels show
a trend toward an increase in the knockout mice.
These results are similar to those found at the mRNA
level and raise the question of why these two members of
the GPX family may increase in heart with the deletion
of Sel P.
DISCUSSION
The study presented herein provides a comprehensive
description of selenoprotein mRNA abundance for eight
murine tissues including brain, testes, kidney, liver, spleen,
intestine, lung, and heart. This multi-tissue analysis allows
comparisons to be made within and between tissues
for relative levels of the diﬀerent selenoprotein mRNAs.
Our results suggest that certain selenoprotein mRNAs
(e.g. gpx4 and sel P) are found at high levels in most of
these tissues, while others are generally expressed at very
low levels (e.g. deiodinase enzymes, dio1-3). Diﬀerences
in mRNA levels may be due to multiple factors
acting individually or in combination. Stability of
mRNA has been shown to play a key role in regulation
of selenoprotein synthesis (25). Selenoprotein mRNA
stabilities are aﬀected diﬀerentially by limiting availability
of Se or selenoprotein synthesis factors (25–27). The
degradation of these and other mRNAs is believed to be
carried out by NMD (10,15,28). Diﬀerences in suscept-
ibility to degradation may lie in the presence of
cis-elements in the selenoprotein mRNA that either lead
to recognition by the NMD machinery, aﬀect their
ability to compete for stabilizing factors such as SBP2,
or alter subcellular localization (13,14).
In addition to mRNA stability, diﬀerential tran-
scription may contribute to varying mRNA levels for
the various selenoproteins. Preliminary analysis of the
promoters of selenoprotein genes suggests that several
of these may be under control of shared regulatory
pathways, including those upregulated under conditions
of stress (29–32). In particular, the genes for several
selenoprotein mRNAs exhibiting increased expression in
Sel P
 /  tissues share several common transcription factor
motifs that may result in their upregulation (manuscript
in preparation). In addition, multiple transcripts are
annotated in the mouse genome for many of the
selenoprotein genes, and the tissue expression patterns of
many of these transcripts are not well characterized.
These are relatively unexplored but undoubtedly impor-
tant areas for future investigation.
The main goal of this study was to determine the
relationship between Sel P and the expression of other
selenoprotein family members in diﬀerent tissues. Because
of the Se transport role that Sel P has been demonstrated
to play, the Sel P knockout mouse model provides a useful
tool to investigate how the absence of this protein aﬀects
expression of the diﬀerent selenoprotein family members
in various tissues. Our data suggest that brain and testes
are similarly aﬀected by genetic deletion of Sel P in mice.
In both tissues, Sel P deletion leads to a generalized
reduction in abundance of all medium and high copy
selenoprotein mRNAs. The substantial decrease in levels
of most selenoprotein mRNAs in these two tissues in
Sel P
 /  mice suggests that Sel P is important for
transport of Se within or to these tissues and is consistent
with the neurological and sterility problems observed in
the Sel P
 /  mice. Recent ﬁndings by the Burk lab further
support the role of Sel P in transporting Se to the brain
and testes (33,34). Olson et al. have proposed a mechan-
ism in the testes by which Sel P is taken into cells of this
Se-sensitive tissue via the apolipoprotein E receptor (35).
In contrast to the brain and testes, heart and lung tissue
from Sel P
 /  mice did not demonstrate decreased
selenoprotein mRNA levels. In fact, gpx4 and sel W
mRNA levels were increased in heart and lung from Sel
P
 /  mice compared to Sel P
þ/þ controls. In heart, GPX4
protein was also found to be signiﬁcantly increased in mice
lacking Sel P. This may be due to a feedback mechanism
by which transcription of these two family members
3970 Nucleic Acids Research, 2007, Vol. 35, No. 12is upregulated during increased oxidative stress in these
two tissues.
When comparing our results involving Sel P deletion to
those involving dietary Se-deﬁciency, some interesting
diﬀerences are evident. For example, studies in rats have
demonstrated that Se-deﬁciency results in decreased
expression of GPX-1 in several tissues including liver,
kidney, heart and colon (36–38). In contrast, GPX-4
levels were found to be unaﬀected or less aﬀected by
Se-deﬁciency in most of these tissues, except in colon
where GPX-4 was decreased at nearly equivalent levels as
GPX-1. Our results suggest that Sel P deletion in mice
Figure 3. Comparison of GPX1, GPX4, and Sel W levels in Sel P knockout versus wild-type mice. (A) Protein was extracted from heart, lung, brain
and testes, which were then used for western blot analysis. Rabbit polyclonal antibodies were used to detect GPX1, GPX4 and Sel W for three Sel P
knockout mice and three wild-type mice for each tissue. Equivalent protein loading was determined using a-tubulin for heart and lung and b-actin
for brain and testes. (B) Densitometry was used to quantify western blot data as described in the Methods section. Results represent mean  SE.
Statistical signiﬁcance was determined by student’s t-test (
 P50.05) Black and white bars represent wildtype (N=3) and knockout (N=3) mice,
respectively.
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lowered in brain and testes, but increased in heart.
Furthermore, Se-deﬁciency in rats has been shown to
decrease mRNA levels for Sel W in colon, similar to our
results showing a decrease in Sel W mRNA and protein
levels in brain and testes from Sel P-deﬁcient mice
compared to wild-type controls. Diﬀerences between
species may account for some of these diﬀerences and
further investigation is needed to fully understand
how deﬁciencies in dietary Se compare with decreases
in Sel P levels.
An interesting ﬁnding of this study was the detection
by western blot of Sel W in brain and testes, but the
conspicuous absence of this selenoprotein in the heart and
lung. The rabbit antibody used for this assay was speciﬁc
for a 17 amino acid region in the C-terminal portion of the
protein. Despite several diﬀerent approaches including
immunoprecipitation concentration of protein extracts
prior to western blots, the antibody failed to detect Sel W
in the heart and lung. This suggests that, despite high
mRNA levels in heart and lung, the protein is not
expressed at detectable levels in these tissues. This is
consistent with previous ﬁndings that Sel W was detected
by western blot in muscle, spleen, brain and testes only
(39). Interestingly, we used this antibody raised against
murine Sel W to detect human Sel W on a commercially
purchased human tissue blot and found that it detected
the protein in nearly all tissues except for ovaries and
testes (data not shown). This occurred despite a two
amino acid mismatch between the antigenic region in
mouse and human Sel W. It remains unclear whether
diﬀerent isoforms of Sel W are expressed in diﬀerent
tissues, but diﬀerences between rodents and primates have
been previously noted (40).
The selenoprotein-synthesis factors analyzed in this
study included sbp2, secp43, sps1 and sps2. These factors
were detected at relatively low to moderate levels,
suggesting high speciﬁc activity, low requirement or
rapid mRNA turnover. The only notable exception was
sps2, which is both a selenoprotein and a factor involved
in synthesis of other selenoproteins. Sps2 mRNA was
detected at relatively high levels in the liver, where it
was the ﬁfth most abundant selenoprotein mRNA.
This may be an adaptation to relatively high levels of
selenoprotein synthesis occurring in this tissue. Given that
testes would seemingly require high levels of selenoprotein
synthesis, it was surprising that this tissue exhibited
only low to moderate abundance for the synthesis factors.
Importantly, our ﬁndings are based on comparisons
between target mRNAs and the most stable housekeeping
mRNA, hprt. Using other housekeeping mRNAs as
comparison transcripts produces diﬀerent results.
However, results from our protein analysis described
above correlate best with the mRNA data obtained
with the stable hprt as the comparison transcript.
Overall, our study provides an extensive comparison of
the selenoprotein mRNA abundance in terms of tissue
distribution in the mouse under normal conditions and,
in four tissues, under conditions of sel P deletion.
Determining exactly how tissues cope diﬀerentially with
changes in Se availability, metabolism and transport will
lead to a better understanding of how expression of the
selenoproteome throughout the organism contributes
to its overall health status.
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